Dear Editor,
In eukaryotes, the 5′,5′-triphosphate-linked 7-methylguanosine (m 7 G) cap is essential for modulation of mRNA metabolism and protects the mRNA from degradation [1] . Removal of the cap from the 5′-terminus of the RNA is mainly carried out by decapping protein 2 (Dcp2) [2, 3] and scavenger decapping enzyme (DcpS) [4] . A distinctive feature of prokaryotic mRNA is the absence of a 5′-capped structure. Recently, nicotinamide adenine dinucleotide (NAD) or a triphosphate group has been shown to be covalently linked to the 5′-end of certain types of prokaryotic RNAs [5, 6] as a cap that improves stability, and NADH pyrophosphatase (NudC) [6] and RNA pyrophosphohydrolase (RppH) [7] are responsible for the 5′ hydrolysis of NAD or the triphosphate group, respectively, from the RNA. Interestingly, Dcp2, NudC and RppH all belong to the Nudix hydrolase superfamily, whose members act on substrates of nucleoside diphosphate linked to another moiety, X (hence the name Nudix) [8] . The Nudix enzymes share a conserved 23-amino acid sequence termed the Nudix motif (GX 5 EX 7 REUXEEXGU), which is required for substrate catalysis, but each uses a distinct strategy for substrate recognition. Although the molecular bases of substrate recognition by Dcp2 and RppH have been well studied [9, 10] , the mechanism by which NudC removes the NAD cap still remains to be elucidated. Here, we report the crystal structure of Escherichia coli NudC in complex with NAD, uncovering the structural basis of NudC-mediated decapping of NAD-capped RNA.
We purified recombinant NudC proteins to homogeneity and tested their NAD hydrolysis activity by using high-performance liquid chromatography (HPLC). NudC hydrolyzed NAD in the presence of Mg
2+
, generating nicotinamide mononucleotide (NMN) and adenosine 5′-monophosphate (AMP); however, a NudC active-site mutant (E178Q) showed almost undetectable hydrolytic activity towards NAD ( Figure 1A ). Thus, we used this mutant to crystallize the substrate-bound NudC complex. After numerous unsuccessful trials, we finally crystallized NADbound NudC (residues 1-257, E178Q) in space group P2 1 2 1 2 1 . On the basis of the two available coordinates of NAD-free NudC (PDB: 2GB5 and 1VK6), the structure of the NAD-NudC complex was determined by molecular replacement and refined to 2.4 Å resolution (Supplementary information, Table S1 ). After the assignment of most of the NudC amino acids into the electron density map, electron densities indicative of the NAD molecule were clearly visible (Supplementary information, Figure S1 ). In each asymmetric unit, two protein molecules bound two NAD molecules and formed a symmetric homodimer. The two NudC subunits adopt an almost identical conformation, with a root-mean-square deviation (RMSD) of 0.41 Å over 234 Cα atoms (Supplementary information, Figure S2A ). A previously deposited NADfree structure (PDB: 2GB5) also exists as dimer, and superposition of dimers in the NAD-free state and in the NAD-bound state generated an RMSD value of 0.46 Å over 478 Cα atoms (Supplementary information, Figure  S2B ), thus suggesting that NudC undergoes little conformational change upon NAD binding.
The NudC structure shows a conformation of a tight symmetric homodimer with the appearance of a butterfly with a wingspan of ~70 Å and a height of 60 Å ( Figure  1B ). The dimer interface, which has an area of ~3 300 Å 2 , is primarily formed by polar contacts, water-mediated hydrogen bonds, and Van der Waals interactions. The interface contains 22 residues from each protomer and consists of two regions, from residues R93 to I127 and E162 to S191 (Supplementary information, Figure S3A ); these residues form an extensive interaction network that is difficult to disrupt. To investigate the state of NudC in solution, we performed size-exclusion chromatography (SEC), analytical ultracentrifugation (AUC) and static light scattering (SLS) analyses. The elution profiles of NudC and the E178Q mutant in SEC suggest that the protein likely exists as a dimer (Supplementary information, Figure S3B ). The AUC and SLS analyses of NudC indicated molecular masses of ~66.3 and 63.0 kDa, respectively (Supplementary information, Figure S3C and S3D). These results are similar to the exact molecular mass of a NudC dimer (65.2 kDa) and are consistent our observations from the crystal structure.
We traced the structure of NudC (Mol A, residues 1-257), consisting of an N-terminal domain (NTD, residues 1-96) and a C-terminal domain (CTD, residues 128-257) separated by a zinc motif (residues 97-127; Figure  1C and Supplementary information, Figure S4 ). The NTD is swapped between the two NudC subunits of the homodimer, like that observed in the open conformation of apo Nudt7 of Arabidopsis thaliana [11] , and includes five β-strands (β1-β5), two 3 10 -helices (η1 and η2) and one α-helix (α1). A Dali search using the NTD as a query showed that 18 of 20 retrieved structures with Z-scores higher than 5.0 were Nudix enzymes (Supplementary information, Table S2 ). The zinc motif, which participates in NudC dimer formation, contains two anti-parallel β-strands (β6-β7) and one zinc ion coordinated with four cysteine residues (Cys98, Cys101, Cys116, and Cys119), of which the first three are highly conserved in NudC homologs (Supplementary information, Figure S5 ). Consistent with this observation, mutation of any of the conserved cysteines (Cys98, Cys101, or Cys116) resulted in severe protein aggregation, suggesting that the zinc motif has an important role in maintaining the NudC structure.
The CTD adopts a canonical Nudix fold with a seven-stranded mixed sheet (β8-β14) sandwiched between two remote perpendicular α-helices (α2 and α3). The conserved Nudix motif (residues 159-181) contains the catalytic residues E174, E177 and E178, which are located in a loop-helix-loop structure formed by helix α2 and the adjacent loops ( Figure 1C and Supplementary information, Figure S5 ). Alignment of the NudC structure with the decapping enzymes RppH and Dcp2 revealed that the NudC CTD is similar to the corresponding domains of RppH and Dcp2 (Supplementary information, Figure S6A ), and the Nudix motifs of the enzymes could nearly be superposed. These results suggest that the catalytic mechanism of NudC is similar to those of Dcp2 and RppH, which share a water-mediated and metal-dependent pyrophosphate hydrolysis model [10, 11] . Despite the similarity in the overall conformation of the CTD, each of the C-terminal α-helices in these enzymes adopts different orientations, suggesting an essential role in substrate recognition (Supplementary information, Figure  S6B ).
The NAD binding pocket in NudC is pre-organized, which was observed by comparing the surface view of NudC in the NAD-free and NAD-bound states (Supplementary information, S7A). The NAD molecule is mainly accommodated by the NudC CTD ( Figure 1D ), and the NAD-NudC recognition is accomplished in two major steps. First, the nicotinamide moiety is trapped in a cavity mainly comprising several bulky hydrophobic residues, including I132, W194 and M201 ( Figure 1E ). The amide nicotinamide group forms two hydrogen bonds with the carbonyl oxygen of Q192 in β12 and the main chain of A241 in the C-terminal helix, and a subtle change in the orientation of this helix would break the latter hydrogen bond. The 3-hydroxyl group of the nicotinamide ribose interacts with S199 ( Figure 1F ). In a previous report, residues Q192, W194, and S199 have been found to lie within a conserved eight-amino acid motif (SQPWPFPXS), which has been used to classify NudC and other Nudix enzymes into the NADH hydrolase subfamily [12] , and the observed interactions here are consistent with the conservation of these residues. Second, the adenine base is stacked via π-π interactions with the benzene rings of F160 from Mol A and Y124 from Mol B ( Figure 1G ). Buttressing the stacking interactions with the adenine base, the 2-hydroxyl group of the adenine ribose interacts with E111 and Y124 from Mol B. These observations suggest the essential role of NudC dimerization in substrate recognition, which is reminiscent of the substrate binding mode of ADP-ribose pyrophosphatase [13] .
We mutated the relevant residues and examined their effects on NudC-mediated NAD hydrolysis ( Figure  1H ) to corroborate the structural findings. As expected, a series of charged residue substitutions in the Nudix motif significantly diminished enzyme activity. The single-residue mutants I132D, W194A and M201A retained little catalytic activity, indicating that the integrity of the hydrophobic substrate-binding cavity is highly important for NAD recognition by NudC. In addition, breakage of the hydrogen bond mediated by Q192 markedly reduced the catalytic activity of NudC, and the stacking effect between residues F160/Y124 and the adenine base of NAD was also essential for substrate coordination, because F160A and Y124A mutants were nearly inactive. Neither the E111A nor the S199A mutation had a substantial effect on NudC activity, suggesting a minor role for the NAD ribose moiety in substrate-NudC recognition.
Similar results were observed for the cleavage of 5′-NAD-capped RNA by NudC; the substrate was cleaved into NMN and monophosphorylated RNA (Supplementary information, Figure S7B ). As anticipated, most of the alanine substitutions in residues responsible for NAD recognition, such as Y124, I132, F160, W194, and M201, and key residues that participate in catalysis, such as E165, R173, E174, E178, and E219, significantly diminished the cleavage of NAD-capped RNA (Supplementary information, Figure 7C ). In addition, the E177A and Q192A mutants exhibited half of the wild-type activity. Altogether, these results suggest that RNA recognition by NudC occurs mainly through binding with the NAD moiety. Intriguingly, most of the residues involved in NAD recognition are highly conserved in NudC homologs ranging from E. coli to human (Supplementary information, Figure S5 ). Given the prevalence of NAD in the three kingdoms, the NAD capping/decapping processes for RNA might be evolutionarily conserved. To examine this possibility we investigated the ability of several NudC homologs to cleave NAD-capped RNA. NPY1 and Nudt19, the NudC homologs from Saccharomyces cerevisiae and Oryza sativa, respectively, hydrolyzed the substrate into NMN and monophosphorylated RNA in vitro (Supplementary information, Figure S7D ). Although further investigation is required, these results raise the possibility that NAD-mediated RNA processing might be a universal mechanism that also operates in higher eukaryotic species. A recent finding that both bacterial RNAP and eukaryotic RNAP II show the ability of incorporating the NAD cap into RNA [14] corroborates our speculation.
The RNA decapping process is precisely regulated in vivo, as exemplified by the Dcp1p-regulated hydrolytic activity of Dcp2p on m 7 G-capped RNA [2] and the DapF-regulated pyrophosphatase activity of RppH [15] . A structural investigation showed that Dcp1p binds to the NTD of Dcp2p and stimulates its activity [2] . These findings raise the possibility that the decapping activity of NudC may also be regulated by other factors through interaction with the NTD.
In summary, our data not only reveal the molecular basis of NAD-capped RNA recognition by the NudC dimer ( Figure 1I ) but also provide the framework for further functional identification of regulatory factors involved in the RNA decapping process. The architecture of the NAD-NudC complex also provides a structural explanation for the conservation of residues that might participate in recognition of NAD and NAD-capped RNA in organisms ranging from E. coli to human. Moreover, the ability of the two examined NudC eukaryotic homologs to cleave NAD-capped RNAs suggests that the process of removing the NAD-cap from the 5′-terminus of RNA is evolutionarily conserved.
The atomic coordinates and structure factors for the structure have been deposited in the Protein Data Bank (PDB) with the accession code 5ISY.
